Abstract--Part of the problem of determining the flow through a blood vessel is the measurement of the instantaneous average blood velocity over a cross-section of the vessel. In this paper a new method is described to estimate that velocity from the received signal of a Doppler flowmeter using continuous ultrasound. The method is based on the determination of the frequency shift averaged over the power density spectrum of the received signal. Due to a new type of instrumentation this can be done without carrying through a complete frequency analysis of that signal. This provides a rather accurate determination of the instantaneous value of the blood velocity.
INTRODUCTION
FOR A Iong time there has been a need for an easy and bloodless way to measure the flow through a blood vessel. From this point of view, methods based on the doppler effect of ultrasound hold considerable promise.
As a result of the study performed it seems possible, using this effect, to measure the instantaneous velocity of blood, averaged over the cross-section of a blood vessel. Knowing this average velocity and the diameter of the vessel the flow can be computed from: Flow = average velocity • cross-section.
The determination of the cross-section of a blood vessel is a separate problem, and will not be discussed in this paper.
As mentioned, the principle used for measuring the velocity of blood is based on the Doppler effect, appearing when ultrasound, transmitted by a crystal, strikes a moving particle. This paricle scatters the sound in all directions. Normally he frequency of the scattered sound differs from he frequency of the transmitted sound. The difference Ao, between the angular frequency of the received and transmitted signal is angle between the transmitting beam and the direction of the velocity of the particle angle between the receiving beam and the direction of the velocity of the particle.
This principle is already being used for qualitative measurements of the blood flow; the ultrasound will be scattered by the erythrocytes. As a result of the various velocities of these particles (depending on their distance from the axis of the blood vessel) the received signal contains a spectrum of frequencies. The problem is to determine the average velocity of the blood (averaged over the cross-section of the vessel) from this received signal.
Until now, in Doppler flow measuring systems using continuous ultrasound, the received signal is made audible with a loudspeaker by means of synchronous detection. To obtain a quantitative measurement of the flow, some systems are making use of a zero-crossing technique, applied to the synchronously detected signal (YAo et aL, 1970) .
It can be shown, however, (RICE, 1954 ) that systems based on this principle fundamentally cannot give accurate measurements of the average velocity of the blood.
In this report a new processing method for the received signal will be described. Because of its theoretical background and the experimental results obtained, this method holds promise for bloodless quantitative Doppler flow measurements.
THE RELATIONSHIP BETWEEN THE AVERAGE VELOCITY ACROSS THE CROSS-SECTION OF A BLOOD VESSEL AND THE POWER DENSITY SPECTRUM OF THE RECEIVED SIGNAL
To find the relationship between average velocity and power density spectrum reference is made to the situation represented in Fig. 2 .
The following assumptions are made: (1) In the shaded volume inside the blood vessel, the transmitter and receiver beam are homogeneous with respect to the intensity of radiation and receiver gain respectively. Moreover these beams are assumed to be well defined. (2) Only particles in this volume contribute to the power of the received signal. Every particle is assumed to give the same contribution with respect to the magnitude of this power. Since in the volume under consideration there are many particles with various velocities, the received signal contains not just one frequency, but a spectrum of frequencies. The particles give equal power contributions, but at different frequencies, depending on the magnitudes of the quantities in equation (1).
After trigonometric manipulation, equation (1) can be written as: Aw = a, --~o = 2 Wov cos 89 +/3) cos 89 --fl). For a fixed mounting of the transmitting and receiving crystals cos 89 --/3) is a constant. Defining a unity vector along the bisector of the angle between the transmitter and receiver beam, pointed between the crystals; c.f. Fig. 3 ,
If a particle has a velocity vector v~ equation (2) can be written as: oil is the angular frequency component in the received signal, caused by the particle with velocity vi. Ao~, is defined as the difference between the average angular frequency of the power density spectrum of the received signal and the angular frequency of the transmitted signal.
Assume that the volume under consideration contains N particles. According to assumption (2) the power contribution to the received signal is equal for every particle, so that N A~., = ~ Ao~l.
/=1
At any moment the blood vessel is a cylinder (not necessarily a circular-cylinder). The last of these assumptions permits a consideration of an axial direction of the blood in the volume under consideration. The fourth assumption implies that the instantaneous average liquid velocity has an axial component only.
All these assumptions together mean that in the volume the instantaneous average liquid velocity is equal to the instantaneous average particle velocity, and that this velocity is axially directed.
Using these assumptions and applying equations (3)- (8) 
The average velocity of the particles in that volume is
Substitution of (7) in (6) results in:
AoJa, = 2 _COo (k. v~,) cos 89 --/3).
C Equation (8) relates the average velocity of the particles with the average angular frequency shift Aoj~ of the received signal.
Furthermore it is assumed that: The average velocity of the blood in the measuring volume is equal to that across the crosssection of the blood-vessel. The concentration of the particles is the same over the whole volume under consideration. The velocity of a particle is equal to the velocity of the surrounding liquid. The centre of gravity of the cross-section of the blood vessel remains always in the same place. Equation (12) shows a way to determine A%v from the power density spectrum of the received signal. If A~v is known and also the angles ~ and /7, the average velocity of the blood in the crosssection can be determined by means of expression (9).
DIFFERENCES BETWEEN THE MATHEMATICAL MODEL AND REALITY
A number of assumptions, more or less agreeing with reality, were made in the derivation of equation (9) for the average velocity of the blood. The implications of these assumptions will be discussed now,
In general the transmitting and receiving crystals will have radiation patterns which are not homogeneous in the main beam. Moreover the vessel wall and the surrounding tissue have acoustic properties that differ from the acoustic properties of blood.
This causes diffraction and reflection of the ultrasound. For this reason the sound intensity in the volume of the blood vessel is not homogeneous.
The averaging of the velocities of the particles over the cross-section by means of the spectral power density of the received signal, gives rise to errors, as velocities in places with a higher sound intensity give relatively too much power contribution.
It is expected, however, that when using crystals with good beam properties, these errors will not be large, since the acoustical properties of tissue, vessel wall and blood do not differ very much.
In addition to the moving erythrocytes all kind of tissue discontinuities (for instance the moving vessel wall) will give a contribution to the power of the received signal.
The contribution of the discontinuities at rest, which is found in the spectral power density at the angular frequency ~Oo, will be very large and has to be eliminated.
The slowly moving vessel wall will also give a contribution at shifted frequencies. As the velocities of the vessel wall are small, the contributions of the vessel wall will be close to ~Oo (dependent on the angles a and fl). Elimination of these frequencies (which also eliminates the power contribution of slowly moving erythrocytes) is necessary. A correction for the error caused by this elimination will be discussed later.
In fact the average particle velocity is measured. Because of the nonhomogeneous particle concentration and a relative movement of the particles with respect to the carrier flow, this velocity need not be equal to the average blood velocity.
In an experimental set-up (see Section 6) a number of power density spectra were measured in order to estimate the errors which occur due to the assumptions made for the mathematical model. This has been done in situations with stationary flow and different values for the angles a and/3. From these spectra the average frequency difference A%v was determined and using equation (9) the average velocity was calculatod.
At normal velocities (200 mm/s) and favourable angles a and /3 (30~ a,fl < 60 ~ ) the difference between the calculated and the real velocity was less than 5 per cent. Stimulated by this interesting result, research was directed towards finding a fast and accurate method to determine A~o., from the received signal. Figure 4 gives some measured power density spectra. They are recorded for the case of a stationary and laminar flow of a latex-in-water suspension through a thin-walled latex tube, at different angles 89 + fl).
DETERMINATION OF Ato.v FROM

THE RECEIVER SIGNAL
The starting point for this determination is expression (12) for A%v. The numerator and denominator of this expression are determined separately and after that the division is performed.
The most obvious method to determine the numerator and denominator is to perform the integrations in expression (12) over the power density function of the receiver signal. In this case a frequency analyser has to be used to produce this spectrum. This method was used in the initial experiments.
It ib possible, however, to realize both numerator and denominator as d.c. components of time signals which can be derived from the receiver signal directly. The mathematical exposition of this method will be given first. In this explanation some properties of fourier transformation will be used. These properties are given in Appendix A. Determination of the denominator (see Fig. 5 ) Assume the receiver signal f(t) has a Fourier transform F(to). As stated before, the receiver signal contains only frequencies in a band around toO F(to) -0 for l I o~ [ --too I > Atom. (13) In a synchronous detector the receiver signal f(t) is multiplied by cos toot.
According to equation ( The output signal of the detector passes through a low pass filter which eliminates the frequencies in the bands around Itol = 2O~o.
The output of this filter is fL~(t) and its Fourier transform is and after substitution of equation (15) 
Only if there are particles in the volume with opposite velocities, are the product terms in the second integral of equation (18) not equal to zero.
In that case, however, the expected contribution of this integral to D(O)will still be zero, as the frequency components F(to-too) and F*(to -}-COo) , caused by these particles, are not correlated in time. So using equation (f) 
The square offLl(t) is 
--Atom
Consequently 4~ D(0) equals the denominator of equation (12) and can be used for the determination of Ac%v.
Determination of the numerator
For the determination of the numerator of equation (12) the receiver signalf(t)is multiplied by sin toot in a synchronous detector, of which the output is fo2(t) = f(t) sin toot = 1.f(t) {e '~ --e-U~ot}. 
a(t) is
Fz3(to) = itoFL2(to) = 89 {F(to-too) -F(to + too))
Forming the product offL(t) andfza(t),
n(t) = fLl(t).fL3(t).
(24) Using equation (d) of the Appendix, the Fourier transform of n(t) is found to be:
The d.c. component of n(t) is N(0); using equation (c) of the Appendix,
Substitution of equations (24) and (15) 
--F(w q-too) F*(w + too)} dw + Amrn
if
+ U~ w{f(w + too)F*(w --too) --Atom --F(w --too) F*(w +
For the same reason as given in the explanation for equation (18) 
--A r
Consequently --4~rN(0) equals the numerator of expression (12) and can be used for determination of Atoav.
ELECTRONIC INSTRUMENTATION
The method described makes it possible to determine the average velocity over a crosssection of a tube as a function of time. The instrumentation that follows from the mathematical description is given in Fig. 5 .
For good operation in practice, however, this instrumentation needs some additions, which will be described.
(i) High frequency amplifier
As the received signal f(t) is too small, it has to be amplified, in order to provide a sufficient amplitude for the demodulation multipliers.
(
ii) Automatic volume control
The magnitude of the received signal can vary considerably under different circumstances. This means that the magnitude of fLl(t) and fz2 (t) vary.
Because of the limited driving range of the multipliers and the divider, an automatic volume control is used for the denominator.
So that the ratio of the signals fza(t) and fz2(t) may not be affected, two coupled volume controls are used. These are part of an integrating control system which keeps the d.c. component of d(t) at a constant value (see Fig. 7 ).
The constant value of this component appears to make the divider redundant. However, experiments showed that the output of the divider had less noise than the numerator, and therefore it was still used.
(iii) Limitation of the pass band for the low frequency signals
As mentioned before, the power spectral density q~(~o) of the received signal is very large for frequencies close to COo. This is caused by reflections of the ultrasound from stationary or slowly moving tissue transitions (e.g. blood vessel wall and skin). When determining the average velocity from ~(oJ) this would case large errors. That is why the frequencies close to COo have to be eliminated. To ensure this, the low pass filters after the synchronous detectors (see Fig. 5 ) have to be replaced by band pass filters.
The high frequency cut-off of these filters is still AoJ=. The low frequency cut-off Ao~L is that frequency above which there is no important power contribution from reflecting objects except from blood particles.
This method of filtering implies the elimination of the lowest frequencies, due to the moving blood particles, and so a change of A~oa v into Aw'av. In Fig. 6 the apparent consequences of this filtering for ~(~) are given, and corrections are made to keep the difference between Away and Aco'av small. By artificially raising the power contribution of the frequencies with a shift between AoJ L and AoJc, the difference between AoJav and AoJ'~ is smaller for received signals that have a maximum frequency larger than O~o + Ao~c. For signals with a maximum frequency lower than this value, however, the error is still the same.
By creating negative frequency shifts in the region --Aco L --> --A~o c the error made for the last signals is also kept small.
For signals with a maximum frequency lower than ~'o + A~OL there is no correction at all. This frequency determines the lowest velocity that can be measured.
The raising of the lowest frequencies is easy to realize in the band pass filters which have to be identical for both channels. The negative frequency shifts are artificially created by admitting cross-talk for the lowest frequencies offLl(t) andfz2(t) (see Fig. 7 ).
(iv) Zero-calibration
During measurements a zero-calibration can be performed at any moment when a flow is present. This calibration is made by connecting the signal lines offLl(t) andfL2(t).
As the d.c. component of g(t)d]dt g(t) is
zero, the output of the divider has to be zero in the case of a connection. This provides a means to set the offset of the divider to zero. The block-diagram of the system after all these modifications is given in Fig. 7 .
Calculation of the average frequency shift by using the signals N(t) and D(t)
It has been shown that the numerator and denominator of equation (4) respectively. To determine the d.c. component of a signal it is necessary to average over an infinite time interval. Since changes occurring in the velocity should also be measured, the d.c. component only can be estimated by averaging over a finite time interval. This interval is determined by the maximum frequency of the changes of the velocity that have to be measured. Of course, by averaging over a shorter interval the estimation is less accurate and the noise will be larger.
Analogously in time this averaging across a short period can be done by a low pass filter which does not have oscillations in its impulse response. The angular cut-off frequency should be equal to about the reciprocal of the required averaging period.
THE FLOW SYSTEM
To verify the measuring system it is necessary to design a flow system which resembles reality as much as possible.
The blood vessel is simulated by a small latexrubber tube, stretched until its length is doubled. In this case the measurements of the tube are: inside diameter approximately 4 mm, wall thickness approximately 0.15 mm and length approximately 150 ram.
A good simulation for the blood is a suspension in water of small latex spheres, of the size of the erythrocytes. Before use, this suspension is boiled under a very low pressure to remove small bubbles of gas.
Comparing the results obtained with blood and this liquid, it appeared that the scattering properties of both liquids were the same.
To simulate the surrounding tissue the tube is placed in a basin filled with water. In this basin is also placed the holder, containing the transmitter and receiver crystal. By turning this holder around the centre of the artificial blood vessel, the angle ~ (a q-/3) can be changed (see Fig. 8 ).
All the quantitative measurements have been performed on stationary laminar flow. For these measurements it is necessary to keep the velocity of the liquid constant for some time. This velocity is determined by a constant difference between two levels (see Fig. 9 ). The lower level is constant because of the overflow of the reservoir B, into which the liquid is flowing. The upper level is constant, since the loss of weight of the reservoir A as a result of the loss of liquid, causes a contraction of the spring, just enough to keep the level constant.
During the Doppler velocity measurement, the inner diameter of d the latex tube was measured as well.
The time interval To required for a known volume V to flow from reservoir A was also measured.
The average velocity over the cross-section of the latex tube can be computed as V 4 v,, ----To lrd z" This should be equal to the average velocity measured with the Doppler method.
7, RESULTS
The ouput voltage of the velocity meter described is proportional to the average frequency shift of the received signal, compared with the transmitter frequency.
According to equation (9) this average frequency shift is proportional to ray (cos a + cos/7). Knowing OJo and c Vav (cos a + cos fl) can be calculated from the output signal.
The angles a and fl can be measured and therefore v~v (cos ~ + cos/3) can also be calculated from equation (28). These two values are compared for 72 eases in Fig. 10 . 
The spectral power density of a signal f(t) which has a Fourier transform F(oJ) is cP(~o) = F(oJ). F*(oJ).
(f)
SUR LE MESURAGE INSTANTANE DE L'ECOULEMENT SANGUIN PAR MOYENS ULTRASONIQUES
Sonnnaire--Une part du probl~me de la d6termination de l'6coulement ~t travers un vaisseau sanguin est le mesurage de la v61ocit6 instantan6e moyenne du sang sur une section transversale du vaisseau. Dans ce m6moire on d6crit une nouvelle m6thode pour 6valuer cette v61ocit6 du signal re~u d'un enregistreur de l'6coulement Doppler, en utilisant des ultrasons continus. La m6thode est bas6e sur la d6termination du changement de la fr6quence moyenne r6alis6e, concernant le spectre de densit6 de la puissance du signal re~u. Dfi hun nouveau type d'instrumentation, ceci peut ~tre fait sans entreprendre une analyse complete de la fr6quence de ce signal. Ceci procure une d6termination plutft pr6cise de la valeur instantan6e de la v61ocit6 du sang. 
